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Chapter 1 Introduction 
1-1 Current situation of capillary electrophoresis 
1-1-1 The birth of a high efficiency separation technique 
    Arne Tiselius, aSwedish biochemist,won the Nobel Prize in chemistry in 1948 for his 
 contribution in electrophoresis analysis (EA). [1]   He developed the "Tiselius apparatus" for 
electrophoresis which was described in the paper "A new apparatus for electrophoretic 
analysis of colloidal mixture". [2] EA was firstly described as the process for separating 
charged molecules in an externally applied electric field. 
    Electrophoresis is a separation methodbased upon the difference of molecules 
migration owning to the varied ratios between mass and charge. Electrophoresis grew as the 
dominating method of high resolution biopolymer analysis, uch as DNA, protein and glycan 
following the introduction f agarose and polyacrylamide gels. Classical electrophoresis (w th 
gel) unfortunately has two significant disadvantages. Firstly, quantitative analysis possible 
only with reflection measurements; proteins must first be dyed, and the results are subject to 
considerable errors. Secondly, the voltage gradient that can be applied across the gel bed is 
limited. Since the heat evolved increases with the square of the voltage, fficient cooling is 
necessary to prevent the gel from drying out. The time required for an analysis using a gel bed 
with 10 cm in length can thus be as much as several hours. The advantage with respect to 
modern automated separation processes i that several separations can be carried out 
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simultaneously in one gel by using separate tracks; the sample throughput is thus greatly 
increased. [3] 
    Various attempts have been made to reduce convection in free electrolytes when open 
 tubes are used, for example, by rotating the tube about its axis. [4] The use of thin capillaries, 
either of glass or Teflon [4,5] with an internal diameter between 200 and 500 µm was found 
to be successful. Quartz capillaries [6-8] with internal diameters of 25-200 µm made it 
possible to carry out highly efficient separations ofproteins and dansyl amino acids. [9] The 
negative influence of thermally induced convection was greatly reduced with these capillaries 
because of the relatively large surface to volume ratio. Quartz capillaries of the type used in 
gas-liquid chromatography make it possible to use detectors for the on-line detection of the 
separated substances within the capillary. In the second half of the 1980s, the simplicity of the 
apparatus required led to an increased interest in this electrophoresis method carried on in 
capillary. Since in all separations the substances are introduced as discrete zones at the 
beginning of the capillary and the components of the samples migrate as discrete zones, we 
shall name this simple case as capillary electrophoresis (CE). 
1-1-2 The development of high efficiency separation technique 
    To the accompaniment of entering new era, we have begun to realize the potential of CE 
for automated and fast analysis of complex mixtures with high resolution and sensitivity. [10] 
    In CE, a sample is separated into its components a it migrates through acapillaryunder 
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the driving force of an electric field. Separation is typically performed in a long (10 to 100 
 cm), narrow (10 to 100 gm), electrolyte-filled, fused silica capillary across which a current is 
applied. The charge on the inner wall of the capillary causes the flow of electrolyte from the 
anode to the cathode. The flow of electrolyte through the capillary is called electroosmotic 
flow (EOF), and it drives positively charged, neutral, and negatively charged analytes through 
the capillary to the detector. A second force, electrophoresis, which drives cations toward the 
cathode and anions toward the anode, enhances EOF for cations and opposes EOF for anions, 
resulting in their further separation. Adjusting the pH of the electrolyte can control the 
balance between the EOF and the force associated with electrophoresis. At pH above 5, the 
silanol groups on the inner wall of the silica capillary are ionized, giving the wall a negative 
charge and resulting in an EOF. At pH below 5, the capillary wall loses its charge, causing the 
EOF to disappear and making electrophoresis the dominant force. 
    An importantdevelopmentin CE is the introductionof micellar electrokineticcapillary  ppPrY 
chromatography (MEKC) by Terabe and co-workers in 1984. In MEKC, the main separation 
mechanism isbased on solute partitioning between the micellar phase and the solution phase. 
More hydrophobic solutes interact more strongly with the micellar phase and thus migrate 
slower than hydrophilic compounds. The technique provides a way to resolve neutral 
molecules as well as charged molecules by CE. Capillaries packed with silica have been used 
in capillary electrokinetic chromatography (CEC) [11-17]. The capillaries can be etched to 
                               7
enhance their surface area, coated with polymer [19-25] or filled with gels [26-31]. Coated 
capillaries, for example, can improve resolution in the separation ofproteins. Proteins contain 
both positively and negatively charged functional groups. The positively charged functional 
groups can interact with the negatively charged silanol groups on the capillary wall, which 
can result in an undesirable adsorption of the protein and lead to band broadening and poor 
resolution. By coating the inner wall of the capillary, its negative charge can be reduced and 
adsorption of the protein analyte prevented. Furthermore, two-dimensional separations e.g., 
 high-performance liquid chromatography-CE (HPLC-CE) can greatly enhance separation 
quality and improve the resolution of complex mixtures, such as those encountered in
proteomics. [32-36]
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1-2 Problems of capillary electrophoresis introduction methods 
    The introduction system should not bring apparent zone broadening to reserve the high 
resolution capability of capillary electrophoresis. It is necessary to ensure that the sample 
introduction method used is able to deliver small volumes of sample (typically several to 
dozens of nanoliters) into the column efficiently and reproducibly. Consequently, the most 
commonly employed means for CE are direct on-column methods uch as electromigration 
and hydrodynamic flow. In both of these types of injection methods, one end of the capillary 
is used as the sample injector directly. 
    The most difficult problem in capillary electrophoresis reproducible sample 
 introduction. The sample zone must be kept small to avoid band broadening. [37-39] 
Excessively large sample volumes rapidly lead to peak distortions and loss of resolution. [40, 
41] To meet hese extreme requirements for the manipulation ofsuch small sample volumes, 
automated sample introduction of the small sample volumes is an important requirement for 
quantitative analysis with acceptable standard deviations. [42, 43] 
1-2-1 Electrokinetic njection 
Electrokinetic injection is also called electromigration i jection. To perform 
electrokinetic njection, the electrode is removed from the buffer vial and placed into the 
sample vial. The buffer reservoir at the high-voltage electrode isreplaced with the sample via 
such that he capillary and electrode dip into the sample solution. An injection voltage is then 
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applied for a brief period of time, causing sample to enter the end of the capillary by 
electromigration. I jections mechanism ofthe electromigration injection includes contribution 
from both electrophoretic migration of charged sample ions and electroosmotic flow of the 
sample solution. 
    During electrokinetic injection, two types of biases may occur. One occurs as a result of 
difference in mobilities of the species in the same solution. The more mobile components are 
 injected  in large quantities than less mobile species. Another type of bias is related to the 
difference in the conductivities between the sample solution and the operating buffer. When 
injections are made from samples not prepared in the operating solution buffer, this effect 
must be considered. The reason is that both the electrophoretic mobilities and electroosmotic 
flow rate would be different in different solutions and thus changes in the absolute amount 
injected would occur. 
    Therefore, by measuring the ratio of the migration times, the bias factor can be 
calculated and the apparent ratio of the injection amounts can be related to the concentration 
in the sample solution. 
1-2-2 Hydrodynamic injection 
    Hydrodynamicinjection can be performed by gravity flow, pressure or vacuum suction. 
The main advantage of this type of injection method is that unlike electrokinetic injection, 
there is no inherent discrimination ofthe sample injected. 
                               10 :3
 1-2-2-1 Gravity flow injection 
    Hydrodynamic njection by gravity flow can be achieved by placing the end of the 
capillary into a sample solution followed by moving the sample container and column end to 
a certain height. The quantity introduced during hydrodynamic flow injection can be 
controlled through variations in the injection time and injection height. 
    1-2-2-2 Pressurized and vacuum injection 
During pressurized injection, a pressure is applied to the vial containing the sample, 
pushing it into the capillary, whereas during vacuum injection, a sample is placed at the 
opposite nd of the capillary, drawing the sample into the capillary. Both of these techniques 
tend to have lower precision than that found in electrokinetic injection although they possess 
the same advantage of no sample bias as hydrodynamic injection. 
    The main problem in pressure injection is thedifficulty of controlling the sample 
introduced volume precisely. Atmospheric onditions and elevation can also affect pressure 
injection. The performance of the system may be further degraded as the equipment ages, 
when the pressure or vacuum lines become more rigid. The injection process was controlled 
by the applied pressure time, the exact introduced sample amount cannot figure out. In 
addition, a number of specialized injection systems have also been developed [44-48]. 
Furthermore the accuracy of pressure injection method is hard to review as it is difficult to 
know the exact sample introduced amount. 
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1-2-3 In-line valve injection for capillary electrophoresis 
    Direct in-line injection is successfully demonstrated forcapillary electrophoresis using a 
commercially available injection valve designed for liquid chromatographic applications as 
the figure 1-2-1 shown. While the valve is in the load position, the buffer flows onto the 
separation capillary, bypassing the sample loop. In the inject position, buffer flows through 
the sample loop, sweeping sample onto the separation capillary by electroosmotic flow. The 
cross-sectional view of the injection valve shows two capillaries in contact with a moveable 
channel by means of two connectors. Each of the three rotor channels has dimensions of 
width, 0.125 mm; length, 2.1 mm; depth, 0.137 mm; and a total volume of 36 nL. Each of the 
six fixed connectors has dimensions of length, 0.25 mm and diameter, 0.22 mm, and a volume 
of 9.5 nL. The internal, fluid-contacting materials in this valve injector are composed of 
ceramics and polyetheretherketone (PEEK). In studies up to 20 kV, this materials design 
provides a sufficient dielectric interface to insulate the high-voltage buffer from the metal 
valve body. Partial-loop injections from 6 to 60 nL are shown to be highly reproducible and 
generally consistent with direct electrokinetic injections under the same experimental 
conditions. The small extracolumn variance contributed by the valve injection system is 
symmetrical, and the measured theoretical plates for 75-gm- and 100-p m-i.d. separation 
capillaries are 1.6 and 2.5, respectively. As a result, the separation performance is quite good, 
demonstrating the viability of in-line valve injection for capillary electrophoretic. This 
12
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development in capillary electrophoretic instrumentation has important implications for the 
advancement of electrophoretic applications as well as for the design of completely integrated 
analysis system. 
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Figure 1-2-1. Instrumental schematic representation f injection valve ports and 
cross-sectional view of the injection valve. 
1-2-4 Direct on-line injection in capillary electrophoresis 
    A direct method of sample introduction for capillary electrophoretic echniques i  
described using a cross configuration and high-voltage shunting as Figure 1-2-2 shown. In the 
configuration for these studies, a micro cross with 75 p.m i.d. fused-silica capillaries and a 
nominal volume of 10 nL in the cross region is connected between four reservoirs: ample, 
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sample waste, buffer, and buffer waste. The capillary length between the cross region and the 
reservoirs i 30 cm for all connections. For these studies, an absorbance detector is placed on 
the separation capillary at 19.8 cm from the cross near the buffer waste reservoir. 
High-voltage connection to each of the reservoirs i  accomplished using Pt electrodes. Two 
independent, egative-voltage power supplies are utilized to load the sample and to drive the 
separation process. Sample loading is accomplished by connecting one high-voltage power 
 supply (PS1) between the sample and sample waste reservoirs, while maintaining the buffer 
and buffer waste reservoirs using a second power supply (PS2). During sample loading, the 
voltage at PS2 is approximately one-half that at PS 1 to maintain a near null condition at the 
cross region. No physical disturbance of the separation capillary inlet is required, and the 
feasibility of direct on-line injection is demonstrated. Both full and pinched mode injections 
are evaluated, with pinched-mode injections howing superior performance. In the pinched 
mode, only a portion of the cross volume is introduced onto the separation capillary, as a 
result, a lower volume is injected, and wall effects within the cross are minimized. 
Preliminary studies indicate peak height reproducibility for replicate injections of better than 
4.1%, with area reproducibilities of less than 3.1% for no overlapping solutes. Utilizing this 
direct on-line injection method, many rigid or restricted capillary geometries can be 
accommodated, and extension to the wide range of capillary electrophoretic echniques i  
feasible. 
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Figure 1-2-2. Schematic diagram of capillary electrophoresis ystem with on-line injector 
1-2-5 A falling drop for sample injection in capillary zone electrophoresis 
 The inlet of a capillary is joined  to an open stream of buffer formed on an inclined 
narrow surface, and a constant voltage is applied to the capillary. A drop of sample falls 
directly to the capillary inlet and then is washed away quickly. Thus, a short sample plug with 
limited dilution by the buffer stream and limited fronting or tailing is injected in electrokinetic 
mode as shown in Figure 1-2-3. G1 and G2 are two pieces of glass microscope slides. The 
two pieces are jointed with epoxy to form a larger piece. A segment of fused-silica capillary is 
sandwiched between the two pieces, with its two ends flush with the two narrow sides of the 
slides. The glass pieces are coated with a paint to create unwettable surfaces. The coating on a 
longer and narrower side of the jointed whole piece is removed, and the surface is made rough 
by grinding the side with sandpaper. This results in a narrow wettable surface on which a 
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stable water stream can be formed. The jointed piece is fixed in such an orientation that its 
wider plane is vertical and its wettable surface faces up with a tilt of 45°. The running buffer 
 is delivered by syringe S1  mounted on a dual-channel syringe pump to the top end of the 
wettable surface. A stable stream of buffer flows down along the surface, eventually falling to 
a waste collector. The fused-silica separation capillary is inserted into the capillary 
sandwiched at the joint, flush with the wettable surface. The opposite nd of the separation 
capillary is immersed in a buffer reservoir where the high-voltage cathode is placed. The 
buffer vial is kept at the same level as the capillary inlet. The objective 0 of the fluorescence 
detector is placed 28 cm away from the capillary inlet. Three segments of 35-gauge nickel 
chrome alloy wire, W1, W2, and W3 are perpendicular to the wettable surface and stand in the 
center of the stream, 4, 10, and 12 mm, respectively, downstream of the separation capillary 
inlet. The wire W1 is connected to the ground of the high-voltage power supply. The wires 
W2 and W3 sense the conductance ofthe stream. Sample solution is delivered to the tip of a 
PTFE drop tube T from syringe S2. Tube T is mounted on an X-Y stage; thus its position can 
be conveniently adjusted. When a drop of sample (4.8 µL in volume) falls from T into the 
buffer stream, a"lump" of liquid, mainly consisting of the sample, is formed and the "lump" 
quickly moves down along the stream. When the "lump" passes by W2 and W3, the 
conductance b tween the two wires changes, result in in a significantly arger current through 
resistor R and thence a significantly higher voltage signal across R. This signal change is 
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easily detected through the analog to digital converter of a data acquisition card. 
    No moving parts are involved, and no adjustment of voltage is necessary in the injection 
process. The method is simple, reproducible, and easy to automate and should prove to be a 
valuable complement to present injection techniques for capillary zone electrophoresis. 
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            Figure 1-2-3. Schematic of sample injection using liquid drops. 
1-2-6 Simultaneous electrokinetic and hydrodynamic injection for CE 
    A repeatable preconcentration electrophoretic methodology for the analysis of bacteria 
was developed. This method is based on an isotachophoretic mode coupled with a 
simultaneous hydrodynamic electrokinetic injection in conditions of field-amplified sample 
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injection. This electrophoretic method allows the quantification of Enterobactercloacae with a 
 limit of detection of 2 x 104 cells/mL. With the optimized conditions, a preconcert ration 
factor of about 500-fold was obtained as compared to a standard hydrodynamic injection. The 
RSD (n=5) on the migration time and on the peak area were 3% and 5%, respectively. This 
capillary electrophoretic methodology has been applied for the quantification of microbes in 
natural water. Filtration of the sample prior to injection was required to remove ions present in 
the water and to keep the field-amplified sample injection condition. Filtrated bacteria were 
then recovered in terminating electrolyte diluted 10 times with water. Good agreements were 
obtained between cellular ATP measurements and the proposed CE methodology for the 
quantification of bacteria in waters. 
1-2-7 On-column electrokinetic injection in CE 
Using on-column fracture/electrokinetic njection for sample introduction in CE is 
thought o be a method of no-discrimination electrokinetic injection. This apparatus is shown 
in Figure 1-2-4. The polyimide coating about 6 cm from the inlet of the separation capillary 
was burned off first. Then epoxy was applied on both sides of the exposed part of the capillary 
to glue it on a 0.5 cm x 1.0 cm microscope slide. A small scratch was made on the top of the 
exposed part after the epoxy was totally dried. Finally, an on-column fracture was made 
through pushing up gently from the bottom, directly under the scratch, with a pointed stylet. 
The fracture assembly was then placed in a 5-mL disposable syringe tube shortened to the 
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required length. The short end of the capillary was pushed through a rubber septum that 
plugged the hole in the bottom of the tube. Then the tube was filled with running buffer. A 
24-gauge platinum wire electrode was inserted into the tube. 
    However, the significant discrimination was observed when injecting samples dissolved 
in deionized water with the above method. In addition, the discrimination is reverse to that in 
conventional e ectrokinetic njection, that is, the less mobile species are injected in larger 
quantities than the more mobile components. The reasons for these phenomena nd 
approaches to reduce the discrimination were studied. Equivalent circuits were established 
and used to analyze the discrimination under different conditions through computer 
simulation. The experimental results howed good agreement with the results of the computer 
 simulations. Finally, an on-column fracture/electrokinetic injection method using ramped 
injection voltage was proposed and shown to be suitable for sample solutions with different 
conductivity. This method does not cause significant error for practical quantification, even 
without correcting for the discrimination, because its discrimination is very small.
19
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 1-3 Characteristics of inkjet  technique and its applications in 
analytical chemistry 
    Inkjet technique isoriginated from inkjet printing technology. Inkjet printing is a type of 
computer printing that creates adigital image by propelling droplets of ink onto paper. Inkjet 
printers are the most commonly used type of printer, and range from small inexpensive 
consumer models to very large professional machines that can cost tens of thousands of 
dollars. 
    The concept of inkjet printing originated in the 19th century, and the technology was 
firstly extensively developed in the early 1950s. Starting in the late 1970s inkjet printers that 
could reproduce digital images generated by computers, mainly by Epson, Hewlett Packard 
and Canon. 
    There are two main technologies u ed in contemporary inkjet printers: continuous inkjet 
(CIJ) and drop-on-demand (DOD). 
1-3-1 Continuous inkjet 
    The continuous inkjet (CIJ) method is used commercially for marking and coding of 
products and packages. In 1867 Lord Kelvin patented the syphon recorder, which recorded 
telegraph signals as a continuous trace on paper using an inkjet nozzle deflected by a 
magnetic oil. The first commercial devices (medical strip chart recorders) were introduced in
1951 by Siemens. 
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    In CIJ technology, a high pressure pump directs liquid ink from a reservoir through a
gunbody and a microscopic nozzle, creating a continuous tream of ink droplets. A 
piezoelectric crystal creates an acoustic wave as it vibrates within the gunbody and causes the 
stream of liquid to break into droplets at regular intervals: 64,000 to 165,000 droplets per 
second may be achieved. The ink droplets are subjected to an electrostatic field created by a 
charging electrode as they form; the field varies according to the degree of drop deflection 
desired. This results in a controlled, variable electrostatic charge on each droplet. Charged 
droplets are separated by one or more uncharged "guard droplets" to minimize electrostatic 
repulsion between eighbouring droplets. 
    The charged roplets passthrough an electrostatic field and are directed (deflected) by 
 electrostatic deflection plates to print on the receptor material (substrate), or allowed to 
continue on undeflected toa collection gutter for reuse. The more highly charged roplets are 
deflected to a greater degree. Only a small fraction of the droplets is used to print, the 
majority being recycled. 
    CIJ is one of the oldest inkjet technologies in use and is fairly mature. The major 
advantages are the very high velocity (about 50 m/s) of the ink droplets, which allows for a 
relatively long distance between print head and substrate, and the very high drop ejection 
frequency, allowing for very high speed printing. Another advantage is freedom from nozzle 
clogging as the jet is always in use, therefore allowing volatile solvents uch as ethanol to be 
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employed, giving the ink the ability to "bite" into the substrate and dry quickly. 
1-3-2 Drop-on-demand 
    Drop-on-demand (DOD) is divided into thermal DOD and piezoelectric DOD. 
 1-3 -2-1 Thermal DOD 
    Most consumer inkjet printers, including those from Canon, HP, and Lexmark, use the 
thermal inkjet process. The thermal inkjet principle was discovered by Canon engineer Ichiro 
Endo in 1977. In the thermal inkjet process, the print cartridges contain a series of tiny 
chambers, each one containing a heater, all of which are constructed by photolithography. To 
eject a droplet from each chamber, apulse of current is passed through the heating element 
causing arapid vaporization ofthe ink in the chamber to form a bubble, which causes a large 
pressure increase, propelling adroplet of ink onto the paper. The ink's surface tension, as well 
as the condensation a d the contraction ofthe vapor bubble, pulls a further charge of ink into 
the chamber through anarrow channel attached to an ink reservoir. The inks used are usually 
water-based and use either pigments or dyes as the colorant. The inks used must have a volatile 
component to form the vapor bubble, otherwise droplet ejection cannot occur. As no special 
materials are required, the print head is generally cheaper to produce than in other inkjet 
technologies. 
1-3-2-2 Piezoelectric DOD
23
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    Most commercial nd industrial inkjet printers as well as some consumer printers (those 
produced by Epson and Brother Industries) use a piezoelectric material in an ink-filled chamber 
behind each nozzle instead of a heating element. When a voltage is applied, the piezoelectric 
 material changes shape, . which generates a pressure pulse in the fluid forcing a droplet of ink 
from the nozzle. Piezoelectric (also called Piezo) inkjet allows a wider variety of inks than 
thermal inkjet as there is no requirement for a volatile component, but the print heads are more 
expensive tomanufacture due to the use of piezoelectric material (usually PZT, lead zirconium 
titanate). A piezo DOD process uses software that directs the heads to apply between zero to 
eight droplets of ink per dot, only where needed. Piezo inkjet technology is often used on 
production lines to mark products. Requirements of this application are high speed, a long 
service life, a relatively large gap between the print head and the substrate, and low operating 
cost. 
1-3-3 Inkjet technique for bioanalysis application [49-54] 
Inkjets can print repeatedly over a given area, offering the ability to create 
three-dimensional constructs simply and reproducibly. Older versions from the mid-1990s, 
which tend to have wider nozzles than newer ones, are particularly good at spitting out 
molecules and cells. For example, tissue engineers interested in studying cell interactions or 
creating artificial skin, blood vessels, and whole organs, are using inkjets to deposit precisely 
ordered layers of different cell types, complete with growth factors and extra cellular matrices. 
24
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In a prototype experiment published recently, bioengineer Thomas Boland of Clemson 
 University in South Carolina and his colleagues have used a modified HP inkjet  to apply 
viable mammalian cells to a variety of "papers", including collagen gel. The Clemson team 
has also printed sheets of skin cells that could be used in skin grafting. 
    Inkjet technology has entered the biology lab because of its ability to generate, under 
surprisingly benign conditions, tiny droplets of reproducible size and deposit them at a spot 
with positional accuracy of 100 micrometers or better. Each printer comes with its own 
software program, known as a printer driver that translates computer-generated graphical 
information into a specific pattern of droplets. 
    HP printers heat the material in the ink cartridges to create a meniscus, which pinches 
off to form a droplet. Although many biologists initially assumed that the heat needed to 
generate the droplet would damage proteins and cells, Boland found that the internal 
temperature of a droplet raises a mere 10°C. Proteins and cells come through just fine. Epson 
and Canon printers use acoustic energy, rather than heat, to generate the meniscus. An 
advantage of this approach is that it is possible to create much smaller drops of a picoliter or 
less by proper tuning of the acoustic frequency. 
1-3-3-1 Inkjet printing of drug substances 
    Medicines are most often oral solid dosage forms made into tablets or capsules, and 
there is little room for individualized doses. The drug substance and additives are processed 
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through multiple production phases, including complex powder handling steps. In drug 
manufacturing, the control of the solid-state properties of active pharmaceutical ingredient 
(API) is essential nd it offers opportunities for enhancement of drug delivery systems. In this 
context, inkjet printing technologies have emerged over the last decades in pharmaceutical 
and biological applications and offer solutions for controlling material and product 
characteristics with high precision. The concept is that printable pharmaceutical dosage forms 
on porous substrates are produced by using conventional inkjet printing technology. The 
method enables controlling not only the deposition but also the crystallization of the drug 
substances. The inkjet printing approach as immense potential in making sophisticated drug 
delivery systems by use of porous substrates in the future. For example, it may offer new 
perspectives for solving problems around poorly soluble drugs and dosing low-dose 
medicines accurately. Furthermore, with the advent of genetic mapping of humans, controlled 
inkjet dosing can bring solutions to fabricate on-demand individualized medicines for 
patients. 
 1-3-3-2 Inkjet printed electrode 
    Inkjet printing of grapheme was demonstrated. Liquid phase grapheme is an ideal and 
low cost material to make printable inks. It was also combined with conductive material to 
fabricate devices, which demonstrates its viability for flexible and transparent electronics. The 
ink preparation technique can be generalized to a wide range of layered materials (e.g., 
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transition metal dichalcogenides, transition metal oxides, and other two-dimensional 
compounds) that can also undergo liquid phase exfoliation. These could then be mixed or 
 printed to fonn hybrid heterostructures with novel properties. 
1-3-3-3 Inkjet-printed microfluidic multianalytical chemical sensing paper 
The inkjet printing method for the fabrication of entire microfluidic multianalyte 
chemical sensing devices made from paper suitable for quantitative analysis, requiring only a 
single printing apparatus. An inkjet printing device is used for the fabrication of 
three-dimensional hydrophilic microfluidic patterns and sensing areas on filter paper, by 
inkjet etching, and thereby locally dissolving ahydrophobic layer obtained by soaking of the 
filter paper in the hydrophobic solution. In a second step, the same inkjet printing device is 
used to print "chemical sensing inks", comprising the necessary eagents for analytical assays, 
into well-defined areas of the patterned microfluidic paper devices. The arrangement of the 
patterns, printed inks, and sensing areas were optimized to obtain homogeneous color 
responses. The results are "all-inkjet-printed" chemical, sensing devices for the simultaneous 
determination f pH, total protein, and glucose in clinically relevant concentration ranges for 
urine analysis. Quantitative data are obtained by digital color analysis in the Lab color space 
by means of a color scanner and a simple computer program.
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1-4 Composition of this thesis and the purpose of this study 
    In this thesis, a revolutionary, highly repeatable, and accurate injection method is 
proposed to improve quantitative analysis by CE through accurate control of the injection 
volume at the picoliter level. It can be anticipated that his advance will greatly improve the 
attractiveness of CE for practical pplications and enable the use of this separation technique. 
This thesis is composed of five chapters. 
    Chapter 1is the introduction f this thesis. A current situation and problem areas of 
analysis ncapillary electrophoresis, andthe purpose ofthis research are described. 
    Chapter 2 describes the accurate injection system for CE basedon inkjet microchip, 
which could obtain exact volume at picoliter level. The unavoidable analyte discrimination n  
. electrokinetic injection  has been fully conquered. The accurate injection  system isconsisted 
of X-Y stage, inkjet droplet ejection microchip and reservoir with a plug-in septum. To 
evaluate he precision and repeatability of the system, the NBD labeled Gly, L-Phe, L-Asp 
and L-Ser were selected as test analytes, and the performance was compared with traditional 
hydrodynamic and electrokinetic injection methods. The results demonstrates the introduced 
amount is highly relied on the number of droplets with lowest relative standard derivation 
(RSD) and best linear correction coefficient inthe proposed injection method. 
    Chapter 3 describes the inkjet sample introduction method hasbeen applied for CE in 
analysis of dopamine and epinephrine in human serum sample. The single droplet volume of 1 
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 X 10.6 mol/L dopamine (DA) in 1 x 10-2 mol/L borate buffer and in the 40 times diluted serum 
are 240 pL and 243 pL, respectively. Sample droplets are ejected by stressing apiezoelectric 
slice stuck on the extrusion chamber. The pulse voltages are applied to the piezoelectric slice 
which made the slice deformed. Using this method, DA and epinephrine (EP) have been 
separated and the concentration f EP in serum was determined at 5.88 x lemon, DA is 
not detected. The recovery (n = 3) of EP and DA added to serum are in the range of 
95.8-98.7 %, and 97.5-103.4 %respectively, which shows good accuracy and reproducibility. 
    Chapter 4 describes anew mode to enhance the sensitivity of CE based methods that 
involve in-line reactions. Inkjet introduction system is used as an original procedure of in-line 
mixing of two reactant solutions by introduction of minimus plug (micrometer level). By 
employing the minimus plug introduction with a model chemical reaction that between 
NBD-F and Gly, significant enhancement i  sensitivity is realized. Comparing to the 
traditional electrophoretically mediated microanalysis (EMMA) method, drop-by-drop 
introduction mixing method increases the product formation to 26 times. Making the 
comparison between the off-line derivative r action and drop by drop pattern, 4 times of 
product yield was enhanced. The new approach also allows the analysis to be performed 
without the need for increasing the analyte or reagent amount and analysis time. 
    Chapter 5 is the conclusions of this thesis. Summary and future prospects of this study 
are described. 
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 Chapter 2 Accurate and highly reproducible injection 
system for capillary electrophoresis 
2-1 Introduction 
    Capillary electrophoresis (CE) has become a well-developed s paration method since its 
introduction around 1980, providing excellent resolution due to the predominant mechanism 
on which the separation is based [1, 2]. The integration f CE and liquid chromatography, 
electro-chromatography, further improved the performance of the method [3], extending the 
utility of CE separation to countless analytes, particularly in life science and environmental 
analytical chemistry [4, 5]. With the introduction f micellar electrokinetic chromatography 
(MEKC), the limitations ofCE in separating eutral nalytes were also overcome [6]. Some 
anticipated that CE would become the predominant separation technique, replacing 
high-performance liquid chromatography (HPLC) in commercial pplications and for other 
practical nalyses, but in reality it has remained lower in popularity han both HPLC and gas 
chromatography (GC). One key factor contributing to the reluctance to adopt CE is that he 
introduction volume istypically more difficult to control with the accuracy routinely achieved 
for GC and HPLC, which utilize a microsyringe and a six-way valve. This imprecision leads 
to poor repeatability and reproducibility n quantitative and qualitative analyses using CE 
[7-9]. In addition to the uncertainty of injection volume, the performance is also adversely 
affected by the uncontrollable discrimination of analytes resulting from the use of 
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electrokinetic injection [10-13]. Numerous publications have addressed the effects of 
discrimination when performing electrokinetic njections as well as the inconsistency in
injection volume for both hydrodynamic and electrokinetic introductions [14, 15]. 
Unfortunately, this imprecision continues to be a limitation of CE in practical quantitative 
analysis and online concentration [16-18]. Therefore, the development of an accurate injection 
system for CE that enables precise and repeatable analysis would dramatically increase the 
commercial pplicability of this separation technique. 
    Inkjet technology, a printing method developed by Epson. in 2004, employs a tiny 
sample jection field at the nano or picoliter level [19-23]. The strength of the technology lies 
in the precise control of the velocity and volume of ejected sample droplets onto defined 
 microarray spots [24].  Inkjet  microdroplet introduction devices have been utilized forsample 
dispersion on matrix assisted laser desorption/ionization (MALDI) plates for mass spectral 
(MS) analysis through a capillary [25], enabling MS analysis of very small sample volumes 
[26, 27]. Inkjet devices also exhibited great potential in immunoassays to facilitate high 
throughout drug screening [28]. Aligning with the trend of minimal analytical instrument, 
inkjet microchips have become workhorse devices for controllable liquid transfer and 
metering in GC [29], time-of-flight-MS (TOF-MS) detection [30], and nano-ZnO gas sensors 
[31]. To advance droplet introduction by inkjet in CE analysis, Petersson and co-workers 
developed a concentration method by evaporating a levitated rop [32]. Sziele et al. proposed 
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rf  introducing droplets into the capillary using an inkjet  device, but the downward capillary in 
put resisted liquid sample introduction i large volumes, permitting the authors to perform the 
analysis of only a single sample droplet [33]. Using the well-established and commercially 
successful inkjet device, we previously developed an accurate and localized sample disposing 
system for micro-ELISA assays [34] as well as an accurate, on-site injection system for GC. 
[29] Till now, there have been no reports of controllable, accurate sample introduction 
systems for CE. On the basis of our experience with CE in recent years [35, 36], we herein 
propose a revolutionary, highly repeatable, and accurate injection method to improve 
quantitative analysis by CE through accurate control of the injection volume at the picoliter 
level. We anticipate that this advance will greatly improve the attractiveness of CE for 
practical applications and enable the use of systems with this separation technique.
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2-2 Experimental 
2-2-1 Chemicals 
    All chemicals used were of analytical reagent grade unless indicated otherwise. 
Sulforhodamine 101, L-phenylalanine (L-Phe), L-aspartic acid sodium salt (L-Asp), L-serine 
(L-Ser), and glycine (Gly) were purchased from Kanto Chemical (Tokyo, Japan). 
4-Fluoro-7-nitrobenzofurazan (NBD-F) was purchased from Dojindo Laboratories 
(Kuma-moto, Japan). Taurine, sodium hydroxide, boric acid, 
 tris-(hydroxymethyl)aminomethane(Tris),and 
4-(2-hydroxyeth-yl)-1-piperazineethanesulfonic acid (HEPES) were purchased from Kanto 
Chemical (Tokyo, Japan). All aqueous olutions were prepared with deionized water purified 
by a Direct-Q5 Nihon Millipore ultrapure water system (Tokyo, Japan). 
2-2-2 Fabrication of reservoir 
    The CE injection system consisted of an inkjet microchip, an XY stage, areservoir with 
a 55037-U PEEK screw bolt, and a mobile capillary unit, as shown in Figure 2-1. The round 
reservoir fitted with a 55037-U PEEK screw bolt at the bottom was used to hold the capillary 
unit without leakage. The mobile capillary unit, consisting of a capillary inserted into a silicon 
septum and an acrylic tube, was settled below the reservoir and held by a Z stage to accurately 
adjust the distance between the inkjet microchip and the capillary tip. Two platinum 
electrodes were placed in the reservoirs to supply the high voltage for the CE separation. 
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Figure 2-1. (A) Sketch of the injection system for CE based on an inkjet microchip. 
 cross-sectional view of the PEEK screw bolt embedded with a mobile capillary.
(B) The
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2-2-3 Apparatus 
    Briefly, the two-dimensional XY stage was used to hold the inkjet microchip and adjust 
its position exactly, and it enabled good control of position so that it could be precisely 
matched with the capillary tip. As shown in Figure 2-2, the injection process involved three 
steps: injecting, loading, and running. The mobile capillary unit was raised up such that 1 cm 
emerged from the buffer solution to meet the ejected droplets and allow introduction of the 
sample droplets into the tip of the capillary, which then was immersed back into the buffer 
solution for separation. 4000 V of potential was supplied to the two electrodes to induce CE 
separation.
4
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 Figure 2-2. Injection  process for CE utilizing the inkjet  injection  system.
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2-2-4 Injection volume and duration. 
    To determine the volume of the introduced sample, the weight of each droplet was 
measured using the burst gravimetric method [37]. Then the volume of each droplet could be 
obtained by dividing the droplet weight by its density. Because the introduction of liquid 
 sample into the capillary tip relied on surface tension, the injection  time increased with 
increasing injection volume. The introduction of 125 µM sulforhodamine 101 and pure water 
was observed using a high-speed microscope (VW-9000 of Keyence, Osaka, Japan), and the 
falling of the droplet onto the tip of capillary and the inspiration of the liquid drop into the 
capillary were both recorded every 1 ms. 
2-2-5 Determination ofaccuracy. 
    The accuracy of the injection system was assessed through the quantitative 
determination f a mixture of NBD-labeled L-Phe, L -Asp, L -Ser, and Gly. An in-house built 
high voltage power supply with a range of 0-4kV was used for CE separation. An in-house 
built laser-induced fluorescence (LIF) detection system containing a solid blue laser 
(HK-5601, 10 mW, 473 nm, Shimadzu, Kyoto, Japan), an incident light fluorescence 
microscope (BX40F4 Olympus, Tokyo, Japan) with a filter set (U-MWIB2 Olympus, Tokyo, 
Japan), a photomultiplier tube (PMT, H6780-02, Hamamatsu Photonics, Shizuoka, Japan), 
and an in-house built amplifier were coupled together to detect he fluorescence signal. A 
chromatographic data-process in this system (CDS-plus, LAS 5 Soft, Chiba, Japan) was 
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 employed to collect he fluorescence signal. A fused silica capillary (i.d.: 0.10 mm; o.d.: 0.375 
mm; length: 45 cm; GL Science, Tokyo, Japan) with a UV transparent coating was used for 
CE separation. Before running, the capillary was rinsed successively with 0.1 M NaOH, 0.1 
M HC1, and pure water. A HM-25G pH meter (TOADKK, Tokyo, Japan) was used to measure 
the pH of the solutions, including the buffers and sample solutions. To enable fluorescence 
detection, L-Phe, L-Asp, L-Ser, and Gly were labeled with NBD-F in advance of separation. 
In brief, a solution containing 2.5 mM of each amino acid was prepared in 50 mM borate 
buffer (pH 8.0). 10 mL of this solution was mixed with an equivalent volume of 5 mM 
NBD-F labeling reagent solution in acetonitrile and placed in a water bath at 60 °C for 5 min 
to complete the labeling reaction. Then the solution was chilled in ice water for 2 min and the 
labeling reaction was quenched by adding 10 mL of 20 mM HC1. The resulting NBD-labeled 
amino acid stock solution was stored at 4 °C until use. This mixture, NBD-labeled L-Phe, 
L-Asp, L-Ser, and Gly, was introduced into the capillary using the inkjet injection system, and 
the CE separation was performed in 50 mM Tris-HC1 buffer (pH 9.0) at 4 kV. For comparison, 
the same mixture of analytes was introduced into the capillary using traditional electrokinetic 
and hydrodynamic njection methods; the CE analysis was performed using the same 
separation conditions as described above. 
2-2-6 Analysis of urinary taurine .
To demonstrate the applicability of the inkjet injection system, aquantitative analysis of 
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the functional amino acid, taurine, was performed. Urine from a healthy volunteer was labeled 
with NBD-F using the procedure described above without any additional pretreatment prior to 
analysis. NBD-labeled urine was introduced using the inkjet injection system, and the CE 
separation was performed in 50 mM HEPES buffer (pH 8.0) at 4 kV. To evaluate the accuracy 
 of the injection and analytical methods as well as the percent recovery, 1gM of NBD-labeled 
taurine was spiked into the urine sample, and the CE analysis was repeated using the same 
conditions as described above.
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2-3 Results and discussion 
2-3-1 Construction of injection system. 
    In the inkjet injection system, the capillary was placed in the reversed position (upward) 
as shown in Figure 2-1. The capillary was capable of holding large drops on the tip, as the 
convex meniscus ensured strong surface tension in the downward irection, which ultimately 
drove the sample liquid into the capillary. The positions of the capillary and the inkjet 
microchip were fixed after the primary localization to prevent any subsequent, errant 
movement in the x -or y -directions that could adversely affect he accurate position of the 
injection. The injection was completed by moving the capillary exclusively in the z-direction 
in the course of the CE analysis. 
2-3-2 Droplet introduction. 
    The average volume of a droplet of aqueous ample jected from the inkjet microchip 
was - 200 pL, corresponding to a droplet diameter of —70 pm. The first droplets were 
introduce directly into the capillary by immersing into the concave meniscus of buffer 
solution when the inner diameter of the capillary was 100 µm. Besides, the first droplets 
would touch both the concave meniscus and the hydrophilic fused silica capillary section to 
merge with the buffer solution when the diameter of the capillary is smaller than the diameter 
of the droplet. For these droplets, the direction of the Laplace pressure was upward, and the 
ejected liquid would accumulate onto the concave meniscus. Subsequent droplets 
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 accumulated at the tip of the capillary, shifting the liquid meniscus from concave to flat. With 
further accumulation of droplets, a convex meniscus developed on the tip of the capillary, and 
the Laplace pressure reversed to the downward direction and became a driving force to push 
the liquid down into the capillary. The driving Laplace pressure would be decreased with 
increasing drop diameter on the tip of capillary, but the convex meniscus maintained the 
downward surface tension and pushed the liquid down into the capillary. The process of 
introducing 100 droplets (30.0 nL) was completed in only 4 s, as observed using the 
high-speed microscope; representative images of this process are shown in Figure 2-3.
I~.
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Figure 2-3. Series of images showing the introduction of 100 droplets of sample onto the tip 
 of the capillary. The inkjet  was driven by 40 V and 1K  Hz; the inner diameter of the capillary 
was 100 rim.
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    To evaluate the relationship of introduced sample volume and duration of injection, the 
 introduction of 125 pM sulforhodamine 101 solution was observed by high-speed camera to 
determine the time required for the process (Figure 2-3). Each injection was monitored until 
motion was no longer detected in successive images of the injection, as shown in Figure 2-3. 
It became apparent that the duration of the injection increased with increasing volume, as 
shown in Figure 2-4. Generally, the injection volume was less than 15 nL (around 50 droplets), 
which completed the introduction i to the capillary within about 30 s, a reasonable ngth of 
time for an electrophoresis injection in CE. The time required for the introduction ofdifferent 
liquid samples would vary according to the individual liquid characteristics.
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Figure 2-4. Time required to inject varying volumes of 125 t M sulforhodamine 101.
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2-3-3 Accuracy and repeatability. 
 In order to confirm the precision of the inkjet  injection  system, the analysis was 
repeated using hydrodynamic and electrokinetic injection systems as reference methods. The 
data collected from the analysis of NBD-labeled L-Phe, L-Asp, L-Ser, and Gly using these 
reference methods are summarized in Table 2-1 In hydrodynamic njections, the amount of 
sample introduced is related to the introduction time/height according to the following 
equation: 
Q. = pgmr40ht(1) 87]L 
    Where Q is the mass of introduced sample liquid, r is the radius of the capillary, t is the 
theoretical introduction time based on gravity, and L is the length of the capillary. We varied 
the injection height and time in order to observe the effects on the amount of sample 
introduced, the results of which are shown in Figure 2-5. However, the precision of the 
electrographic data was poor compared with that of the inkjet injection method (Table 2-1). 
For electrokinetic injections, the introduced volume can be determined using the following 
equation: 
          (µep+µeo)T1r2  QU
itc(2) 
Where Q is the injected amount by electrokinetic injection, L is the length of capillary, 
U1 is the injecting voltage, t is the injection time, r is the radius of capillary, c is the 
concentration of introduced sample liquid, Pep and tie° are the efficient analyte mobility and 
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the electroosmotic mobility respectively. Theoretically, the amount of sample introduced 
linearly increases with increasing injection voltage, but we did not observe that relationship 
 between volume and voltage when electrokinetically injecting  the mixture of amino acids 
(Figure 2-6). Instead, we observed aclear parabolic relationship between introduced volume 
and injection voltage as well as between introduced volume and injection time. This indicated 
serious discrimination of all the analytes introduced via electrokinetic injection. Fortunately, 
the discrimination was completely resolved when sample was introduced using the inkjet 
injection method, as shown in Figure 2-7. We were also able to determine the exact 
introduction volume, which was not possible with either hydrodynamic or electrokinetic 
injection methods. The repeatability observed for hydrodynamic and electrokinetic injections 
was quite poor compared with that observed for the inkjet injection method (Table 2-1), which 
contributed to unsatisfactory linear correlation coefficients. All of the linear correlation 
coefficients calculated for the results obtained using hydrodynamic and electrokinetic 
injections were much lower than the corresponding values obtained from the inkjet injection 
method.
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Figure 2-5. The relationships between the peak area or peak height and the injection time and 
injection height in hydrodynamic njections. At a fixed injection height of 5.5 cm, the 
relationship between peak area or peak height and injection times are illustrated in Plots Al 
and A2; at a fixed injection time of 10 s, the relationships between peak area or peak height 
and injection height are illustrated by Plots B1 and B2.
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Figure 2-6. The relationships between the peak area or peak height and the injection time and 
injection voltage in electrokinetic injections. At a fixed injection voltage of 4 kV, the 
relationships between peak area or peak height and injection times are illustrated by Plots Al 
and A2; at a fixed injection time of 20 s, the relationships between peak area or peak height 
and injection voltage are illustrated by Plots B1 and B2.
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in inkjet injection. When the driving conditions of inkjet microchip were fixed at 35V  and 1 
KHz, the relationships between peak area or peak height and injection time were obtained as 
shown in Plots Al and A2.
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2-3-4 Analyzing urinary taurine 
  To confirm the practical application of the inkjet  injection system, we employed it in the 
CE analysis of the amino acid taurine in a urine sample. As shown in Figure 2-8, taurine (peak 
marked with an asterisk) was easily detected without any preconcentration. The concentration 
was determined tobe 2.42 ± 0.08 jiM with a confidence l vel of 0.95. The relative standard 
derivation (RSD) of four injections was only 1.05%. The performance of the inkjet injection 
method was also assessed through the percent recovery of taurine spiked into the urine sample. 
A reasonable r covery of 98.92-109.54% ( n =3) was obtained when 1.00 jM NBD-taurine 
was spiked into the urine sample.
y4
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Figure 2-8. Typical electropherogram showing the detection of urinary taurine injected using 
the inkjet injection system. The peak marked with an asterisk is NBD-labeled taurine.
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2-4 Conclusions 
 We developed an injection  system for use in CE analysis based on an inkjet  microchip 
that is the first such system to produce highly repeatable and controllable injection volumes. 
The precision and accuracy of the injection system were evaluated by analyzing amixture of 
four NBD-labeled amino acids and comparing the results with those obtained using 
conventional hydrodynamic and electrokinetic injection systems. Highly reproducible 
injection volumes were produced with high linear correction coefficients and low RSD values. 
The determination f urinary taurine with high precision using our injection system confirmed 
the accuracy and applicability of the system. To extend the utility of this inkjet injection 
system further, we are exploring its automation for use with CE as well as its practical 
application i  quantitative concentration for online CE analysis.
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•Chapter 3 Separation and determination of dopamine and 
epinephrine in serum by capillary electrophoresis with 
inkjet introduction system 
3-1 Introduction 
    Inkjet printer is one of the most commonly used printers. Inkjet printing essentially is a 
technology for dispensing precise amounts of liquid material with high positional resolution. 
The method is called drop-on-demand (DOD) [1, 2]. Inkjet printing could be a promising 
method for droplet dispensing with high precision and reproducibility [3]. In these years, the 
inkjet technology has been used as a tool for rapid prototyping, small volume dispensing, and 
the production of small sensors [4-6]. The life science is also concomitantly progressing with 
new applications ofDOD for precise dispensing ofDNA and protein molecules [7-8]. 
 CE was introduced in 1960s [9], which had rapidly evolved into the analysis of 
extensive range of targets, like DNA, peptides, protein and small ions. Therefore, it was used 
as the one of the popular separation technique, and made great contribution to environmental 
science and life science [10], like monitoring environmental condition, screening status in 
genetics. In accordance with the progress for material science, nanotechnology and molecular 
engineering, the separation efficiency of CE obtained significant progress [11-13]. However, 
comparing the separation potential of CE with other separation techniques, the quantitative 
capacity is not so compatible. It is due to the deficiency of proper sample introduction 
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methods which couldn't supply exact introduction volume for CE. 
 DA and EP play the major  roles as neurotransmitters in central and peripheral nervous 
systems [14]. DA is involved in the induction and in the expression of behavioral sensitization 
by repeated exposure to various drugs of abuse [15]. The neurobiological mechanism ofdrug 
abuse and addiction cannot be accommodated by a single, unitary hypothesis. Regarding to 
DA, only one among the many neurochemical systems are likely to be involved in drug abuse, 
a parsimonious hypothesis to provide only a partial account of its role in this condition. High 
catecholamine l vel in blood is associated with stress [16].  Extremely high level of 
catecholamine can occur in central nervous ystem trauma due to stimulation or damage of 
nuclei in the brainstem, which can be caused by neuroendocrine tumors in the adrenal 
medulla or caused by monoamine oxidase A deficiency. It also occurs the absence of 
pheochromocytoma, neuroendocrine tumor and carcinoid syndrome [17]. Nowadays, much 
interest has been focused not only on researching the bioactive function of the catecholamines 
but also on developing the selective methods for their detection i  biological system [18-19]. 
DA and EP were normally detected by electrochemistry analysis. A novel taurine modified 
glassy electrode for determination f EP and DA, the linear range was 2.0 x 10-6 to 6.0 x 104 
mol/L and 1.0 x 10.6 to 8.0 x 104 mol/L, respectively. And another one reported that nano 
Pd-Au particles was modified glassy carbon electrode for quantitative analysis of DA, the 
linear ange was from 0.5 to 6.95 x 10-6 M [20-21]. 
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 In this study, the inkjet  introduction system was applied to CE [22] and quantitative 
analysis of catecholamines in serum by accurate controlling the exact introduction volume 
was carried out. The inkjet microchip was used for precise placement and excellent dispersion 
for CE. They say that there is only once or no false ejection out of one billion times ejections 
in inkjet technology. This issue also promised the consistency and reproducibility ofejection. 
For the accurate quantitative analysis, it is extremely important to know the exact amount of 
sample introduced into the capillary. The inkjet introduction method will be expected tosolve 
the problem.
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3-2 Experiment 
3-2-1 Chemicals 
    All chemicals were of analytical grade except especially indicated and were used 
without further purification. Dopamine hydrochloride (DA) and the fluorescein isothiocyanate 
isomer I (FITC) were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). 
L-adrenaline bitartrate (Epinephrine, EP) was from Tokyo Chemical Industry (Tokyo, Japan). 
Pyridine, sodium tetraborate decahydrate, sodium hydroxide, hydrochloric acid, and acetone 
(for spectroscopy) were bought from Kanto Chemical Co., Inc. (Tokyo, Japan). The human 
serum used in the experiment was a commodity, which was purchased from Bethyl 
Laboratories INC (TX, US), and containing 0.1 % sodium azide. Deionized water (Milli-Q 
system, Japan Milliipore Co., Tokyo, Japan) was used throughout the experiment. 
3-2-2 Inkjet microchip 
    Four-channel inkjet microchip was kindly gifted from Fuji Electronics Co., (Tokyo, 
Japan) that was used as a printing head of industrial recorder (Fuji Electronics Co., Type 
CNO-1010, Tokyo, Japan). Sample droplets were yielded via the deformation ofthe extrusion 
chamber that was pushed by the piezoelectric slice, which was driven by the pulse voltage. 
The number of ejected roplets could be controlled by the number of applied pulses between 
1 and 10000. Furthermore, some parameters ofpulse waveform could be adjusted as follows: 
 applied voltage, 0-120  V; the pulse duration and interval, 1-100 gs. 
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3-2-3 Inkjet introduction system 
    The integrated equipment (including introduction, separation and detection device) has 
been described elsewhere [23]. The system is shown in Figure 3-1. Briefly, the inkjet 
microchip was moved by XY stage to align the center of capillary tip to the nozzle of inkjet 
microchip. In the injection process, the tip of capillary in the inlet reservoir was raised up and 
out of buffer solution. Then the inkjet microchip ejected efinite amount of sample droplets. 
The sample on the capillary tip was pushed into the capillary by Laplace pressure caused by 
surface tension.
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Figure 3-1 The diagram of inkjet introduction system with CE, LIF detector and the data 
processor.
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3-2-4 Separation and detection system 
    The set-up for CE device was made by our laboratory. An in house built high voltage 
power supply (0-20 kV) was used to carry out CE separation. The length of capillary tube 
 (O.D. 0.375 mm, I.D. 0.050 mm, GL Science, Japan) was 45 cm, and the effective separation 
length was 25 cm. A laboratory-made LIF detection system, containing a solid blue laser 
(HK-5517-02, 473 nm, 5.0 mW, Shimadzu, Kyoto, Japan), an incident light fluorescence 
microscope (BX40F4 Olympus, Tokyo, Japan) with a filter set (U-MWIB2 Olympus, Tokyo, 
Japan), a photomultiplier tube (PMT) (H6780-02, Hamamatsu Photonics, Shizuoka, Japan) 
and a laboratory-made amplifier. The chromatographic data-processing system (LASS Soft, 
Chiba, Japan) was applied to collect he fluorescence signal. 
3-2-5 Labeling procedure 
    To matchfluorescence detection, the derivatization of DA and EP with FITC was 
implemented according to the procedures described elsewhere [21]. All procedures were 
carried out in a 3 mL brown glass. 5 x 10-3 mol/L of DA and EP standard solutions were 
prepared with water. And 5 x 10-3 mol/L of FITC solution was prepared in acetone containing 
1 % pyridine. As the instability of FITC, the solution of FITC was freshly prepared before 
derivatization. And the DA and EP solutions were used within a week because both of them 
were easily decomposed. For the derivatization, 100 µL of above DA or EP solutions was 
mixed with 500 µL FITC solution and 400 µL 2 x 10-2 mol/L borate buffer solution (pH = 
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9.0), respectively. The mixed solution was kept at 25 °C in dark for about 12 hours. 
3-2-6 Preparation and derivatization ofserum samples 
 The labeling process of the human serum was same as above. After the derivatization 
reaction was completed, the FITC-labeled serum was centrifuged at 1250 rpm for 5 min. The 
supernatant was collected and applied to CE separation. The FITC labeled serum was diluted 
for 4 times by lx 10-2 mol/L borate buffer solution (pH = 9.0) before ejection to CE. The final 
amount of acetone in diluted serum was 12.5 %, which is also an important effect in inkjet 
ejection and treatment of serum. All the sample solutions including FITC-DA, FITC-EP 
solutions and diluted FITC labeled serum were filtered through 0.45 p m PDVF membrane 
filter before injection to the CE system. 
3-2-7 Accurate solution gravimetric 
    Accurate mass measurements of micro droplets measurements of micro droplets were 
carried out as the method already reported by Verkouteren et. al. [24]. Briefly, micro balance 
with Sarto_In Timer (Sartorius mechatronics, Tokyo, Japan) was used to record the weight 
value. Compensation of evaporation was made from the time course variation of droplet 
weight.
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3-3 Results and discussions 
3-3-1 The principle of inkjet injection for CE 
 The process of liquid drop introduction i inkjet injection system was shown in Figure 
3-2. According to the record of high speed camera (KEYENCE, VW-9000, Tokyo, Japan), all 
the droplets were ejected through inkjet as drop-by-drop. At first, the tip of the capillary was 
lifted from the buffer solution. Then driving pulses were applied to the piezoelectric slice. 
Consequently, the sample droplets were ejected from the nozzle of inkjet microchip and 
accumulated on the tip of capillary. Then, the accumulated droplets on the tip of capillary 
were pushed into capillary. Finally, the capillary was immersed back into the buffer eservoir 
to perform CE separation. 
    Surface tension is a property of the surface of liquid that allows it to resist an external 
force, which is the important driving force to complete the liquid sample introduction i inkjet 
injection system for CE. This property is caused by cohesion of similar molecules, and is 
responsible for many behaviors of liquids. When the liquid surface is horizontal and flat, the 
external pressure pex equates the internal pressure p of the liquid. When the liquid surface is 
curved, the pex is different from p. If the surface is in the convexity, the surface tension y in 
the vertical direction would generate a downward pressure as shown in Figure 3-2. The pex is 
greater than p until they are counterbalanced; oppositely if the surface is concave, the surface 
tension would cause an upward pressure in the vertical direction resulting in that peX < P. 
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 The difference of p and pex is defined as added pressure below curved surface Ap. In 
conclusion, on the convexity Ap = (p — pex) < 0, and on the concave Ap = (p — pex) > 0. And 
the direction of Ap (Laplace pressure) points to the center of the curved liquid surface. 
           to Young-Laplacee2 y c°S     Accordine> O          guati nequ tion,Ap= rc(0p0)(1), 
                                    Ap =2 ycos   (Ap< 0) (2), 
Where r surface curvature radius, rc capillary internal radius, and 0 contact angle. 
As in the Figure 3-2 shown, the initial state `a', the curvature radius was large. Then 
when the curvature radius of sample droplet was gradually decreased from ` a' to 'b'. The 
liquid drop was partly introduced into the capillary. The Laplace pressure isusually very large. 
For example, droplet with 10 µm of radius gives several thousand N/m2 of surface tension. 
The direction of Laplace pressure at the stage `a' is downward because the droplet surface is 
convex. Under the Laplace pressure, the sample droplet would be pushed into the capillary. In 
this stage, with the surface tension of droplet gradually pressing the liquid into the capillary, 
the surface curvature radius would be deceased; therefore the Laplace pressure was increased. 
The liquid drop was more rapidly pushed into the capillary. Finally, the liquid drop was 
completely pushed into the capillary, and the liquid surface went to `c' as flat. On the 
condition `c', the Laplace pressure was 0. Then, liquid surface was pulled to form a concave 
surface like ` d' for the hydrophilic nner wall of capillary. Thus, the whole liquid introduction 
was completed. 
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 Figure 3-2 The process of liquid introduction of inkjet.
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3-3-2 The effect of inkjet ejection condition on the sample introduction reproducibility 
    The driving wave form for piezoelectric slice had two parameters, the driving pulse 
voltage and the duration of pulse. The speed of droplet was higher when the driving pulse 
voltage was higher. In the experiment, one electric driving pulse could eject one droplet from 
 the inkjet.  The droplets would not be ejected  out, or deviate normal track, when the driving 
pulse voltage was less than 23 V. The reason is that he driving force was not enough to push 
out the droplets. In this case, the relative standard eviation (RSD) of sample introduction for 
CE was large, because it could not be guaranteed very droplet match the center of capillary 
on tip. On the other hand, the sample droplets would splash out from the tip of capillary when 
the voltage . was beyond 50 V, which also caused the high RSD. All of the process of ejection 
was recorded by high speed camera. When the driving voltage was less than 50 V, every 
driving pulse could generate one droplet. Once the driving voltage was over 50 V, every pulse 
would generate one main droplet and a small satellite droplet. Since the satellites droplet was 
much smaller, it was easy to be effected by the current environment to generate high RSD. 
For example, the satellite droplet could be strayed away easily before touching the tip of 
capillary. And as shown in Figure 3-3, the optimum driving voltage of 25 V to 50 V for inkjet 
was obtained, while the RSD of sample amount introduced was less than 3 %.
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Figure 3-3 The effect of driving pulse voltage on the weight of 3000 droplets of water.
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3-3-3 Evaluation the introduced volume 
    One droplet volume couldbe calculated by the quotient of the certain number of 
droplets weight and their density. So the volume of sample introduced could be figured out. 
Comparing to other injection methods of CE, the inkjet introduction method gave absolute 
sample volume injected, which is of importance for the analytical method of standardization. 
As the results listed in Table 3-1, the droplet volume could be obtained by dividing the weight 
of 10000 drops sample with their density. Difference of the volume of single droplet was not 
obvious between DA solution and the diluted serum. While the inkjet driving conditions were 
 selected as follows: driving pulse voltage 50 V, the duration of pulse drive 35 µs. Here, the 
single droplet volume of 1 x 10-6 mol/L FITC-DA in 1 x 10-2 mol/L borate buffer solution 
was 240 pL, and that of 40 times diluted serum (1 x 10-2 mol/L borate buffer solution) was 
243 pL. In the experiment, the original derivative solution was diluted to various 
concentrations. In order to investigate he effect of different acetone amount (it was the main 
component of FITC labeled sample, which probably affect he surface tension of the liquid 
sample, even its droplet volume ejected form inkjet) on the droplet volume, the various 
concentrations of acetone solution were prepared from 0.001 % to 20 %, and the droplet 
volumes were obtained. As a result, 1 droplet volume was 246 ± 2.5 pL for the solution tested. 
Variation of 1 droplet volume should no distinct difference among the varied concentrations 
of acetone solutions. Therefore, the affection of various concentrations of acetone on the 
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   •
sample droplet volume could be ignored. 
                 Table 3-1 The calculation of droplet volume
Weight 10000 drops 
    (g)
 Density (25 °C) 
(g/mL)
1 droplet volume (pL)
 DA solution 
(1.00)(10-6 mol/L) 
40 times diluted 
    Serum
0.00241 
0.00242
1.004 
0.997
240 
243
    The injection conditions for inkjet: driving voltage was 50 V, drive pulse duration was 
35 µs. 
                  • 3-3-4 Electrophoresis eparation and method validation 
    DA and EP were labeled by FITC in advance. And FITC is a relatively large molecule 
comparing to the DA and EP. FITC-DA and FITC-EP were separated on the baseline under 
the condition 1 x l0-2 mol/L borate buffer solution (pH = 9.0). As shown in Figure 3-4, 
FITC-DA and FITC-EP were separated within 350 s. And we certificated the first peak was 
FITC, second one was FITC-EP, and the third was FITC-DA by adding individual standard 
solutions, respectively. The FITC appeared in 270 s, EP stayed at 292 s, and DA eluted at 310 
s. 
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The buffer was 1 x 10-2 mol/L borate buffer (pH=9.0). The driving conditions for inkjet: 
driving pulse voltage was 50 V.
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    As Table 3-2 shown, the linear dynamic relationships were observed between the 
fluorescent intensity and the concentration for both FITC-DA and FITC-EP. The calibration 
plots, obtained by CE of the standard solutions, showed the good linear relationship between 
 the florescence intensity and concentrations of FITC-EP and FITC-DA. The detection of 
limits was 1.78 x 10-9 mol/L for EP and 2.22 x 10-9 mol/L for DA. The regression coefficient 
constants of DA and EP were 0.999 and 0.998 respectively. 
          Table 3-2 Regression data, LOD and RSD for FITC-EP and FITC-DA
Analyte
Regression 
equation
Regression 
 constant
Linear range 
 (mol/L)
LOD 
(mol/L)
RSD (%) 
 (n=4)
FITC-EP 
FITC-DA
y = 3335 + 2203 x 
y = 2672 + 1665 x
0.998 
0.999
1.00x10-8-2.00x10-6 1.78x10-9 
5.00x10-8-1.00x10-6 2.22x10-9
1.12-2.75 
1.64-2.89
    y: fluorescence intensity (peak area) 
    x: analyte concentration 
The injection conditions for inkjet: driving voltage was 50 V, drive pulse duration was 
35 µs. The injected volume for FITC-EP and FITC-DA were 2.40 nL (10 droplets).
    The precisions were also listed in Table 3-2. The RSD of peak areas of FITC-EP and 
FITC-DA were in the range of 1.12-2.75 %, and 1.64-2.89 %, which demonstrated the good 
precision of the inkjet injection method for CE. 
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 3-3-5 Quantitative determination f DA  and EP in serum 
    The method was used for analysis of EP and DA in human serum. A typical 
electropherogram is shown in Figure 3-5. The experimental results were summarized inTable 
3. The EP content in the serum was determined around 5.88 x 10-7 mol/L, which was equal to 
1.08 ng/mL. In the adult body, the concentration f EP is lower than 10 ng/mL [25]. And DA 
could not be detected. The recovery (n = 3) of FITC-EP was between 95.8-98.7 %, and 
FITC-DA was between 97.5-103.4 %.
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Figure 3-5 The electrophoretograms of serum sample. Buffer solution is 1 x 10-2 mol/L borate 
buffer, pH 9.0, applied separation voltage for inkjet was 20 kV. The insert figure was the 
magnified view of FITC-DA and FITC-EP peaks. Solid line was the electropherotograms of 
serum sample. The dot line was the electrophoretogram added 1 x 10-7 mol/L of FITC-DA and 
FITC-EP.
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Table 3-3Analytical results and average of  DA,  EP  in  serum
Amount added Amount detected
Sample number Analyte Recovery (%)
(mol/L) (mol/L)
EP 0 1.47 x 10-7 None
1
DA 0 NA None
EP 1.00 x 10- 2.43 x 10-7 95.8
2
DA 1.00x10-7 0.96 x 10-7 97.5
EP 2.00 x 10-7 2.94 x 10-7 99.6
3
DA 2.00 x 10-7 2.07 x 10-7 103.4
EP 4.00x10-7 5.42x10-7 98.7
4
DA 4.00 x 10-7 3.90 x 10-7 97.5
The injection conditionsfor inkjetwere same to Table 3-2. The injected volumeof 4 times
diluted serum was 2.43 nL (10 droplets). NA means that did not detect.
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3-4 Conclusions 
 Sample introduction with inkjet  was successfully applied to the determination f DA 
and EP in serum by CE. The exact sample introduction volume could be calculated accurately 
by this system. It is significant for analytical method standardization. I  this experiment, the 
single droplet volume of 1 x 10-6 mol/L DA solution was 240 pL and 4 times diluted serum 
was 243 pL. As the inherent character of inkjet technique, precision of quantitative analysis 
was greatly improved.
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Chapter 4 Increasing the diffusion efficiency of 
in-capillary electrophoretically-mediated microanalysis 
reactions via drop-by-drop introduction 
4-1 Introduction 
    The methodology of electrophoretically-mediated microanalysis (EMMA) allows 
homogeneous reaction-based chemical nalysis tobe performed in capillary electrophoresis 
 systems [1-4].   Ina typical EMMA experiment, different electrophoreticmobility is utilized to 
merge distinct zones of analyte and analytical reagent under the influence of an electric field 
[5, 6]. The reaction then proceeds with or without an applied potential [7-9], and the product 
is transported un er the influence of an applied electric potential to the detection point [10]. 
Essentially, EMMA is a means for the integration of pre-column derivatization andseparation. 
On-capillary derivatization is very convenient for CE analysis, with advantages such as: low 
consumption of samples and reagents; full automation and simplification of the derivatizaiton 
procedure without additional equipment; improvement of the reproducibility due to fully 
automated operation; and minimization f formation of side-products by hydrolysis or
oxidation [11-16]. 
    But he reaction efficiency of EMMA is not sufficient for a chemical reaction, which as 
led to research on EMMA concentrating mostly on enzyme r actions, resulting in the bad 
detection sensitivity because of the low reaction efficiency of on-line derivatization [17-30]. 
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Much effort has been exerted in increasing the detection sensitivity of on-capillary assays, 
such as increasing the capillary temperature [31-35]. However, the increase capillary 
temperature sometimes generated the bubbles inside the tube avoiding the further analytical 
process. Moreover, to improve reaction efficiency, high temperature sacrifices the separation 
resolution. It has also been reported that the on-line reaction efficiency was increased by 
extensive mixing of analyte and reagent, again and again, with rapid polarity switch [36]. This 
method ecreased the analysis time, but made the calculation of plug length complicated and 
time-consuming. 
    In this work, we introduce adrop-by-drop introduction pattern to improve the reaction 
efficiency of EMMA applied in small molecules, using the NBD-F derivative reaction as a 
model system. To realize the drop-by-drop introduction process in inkjet technique, two 
different sample solutions were introduced, by turns, into a capillary. As the mobility of 
 glycine is lower than NBD-F, glycine solution was first injected  into the capillary with given 
drops, and then a NBD-F solution was introduced. After that, glycine was introduced again, 
whereupon NBD-F was injected, again, and this introduction process was repeated several 
times. Each sample plug was much shorter than the general sampling size driven by pressure 
(traditional sampling for capillary electrophoresis), and it was found to be faster for diffusion 
in shorter plug length. In addition, this introduction pattern increased the diffusion surface 
number to enhance the diffusion efficiency. The efficiency of mode reaction between glycine 
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NBD-F was enhanced 26-fold via this novel injection technique, which can be expected to 
apply in other on-line reaction to improve the reaction efficiency. As well as, the quantitative 
analysis can be done by drop-by-drop introduction method. Thereby, we can anticipate that 
EMMA mode will be realized in more extensive aspects. 
4-2 Experimental 
4-2-1 Reagents. 
    All chemicals used were of analytical reagent grade unless indicated otherwise. Boric 
acid, glycine (Gly), and sodium hydroxide were obtained from Kanto Chemical Co. Inc. 
(Tokyo, Japan). 4-Fluoro-7-nitrobenzofuranzan (NBD-F), super-dehydrated ethanol (99.5), 
 hydrochloric acid, tetraborate pH standard solution (pH 9.18), phosphate pH standard 
equimolal solution (pH 6.86), and phthalate pH standard solution (pH 4.01) were bought from 
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Extran MA01 alkaline was purchased 
from Merck Ltd. Japan (Tokyo, Japan). 
4-2-2 Equipment. 
    A laboratory-made high-voltage power supply (0-20 kV) was used for CE separation, as
shown in Figure 4-1. A laboratory-made LIF detection system, containing a solid blue laser 
(HK-5517-02, 473 nm, 50-60 HZ, Shimadzu, Kyoto, Japan), an incident light fluorescence 
microscope (BX40 Olympus, Tokyo, Japan) with a filter set (U-MWIB2 Olympus, Tokyo, 
Japan), a photomultiplier tube (PMT) (H6780-02, Hamamatsu Photonics, Shizuoka, Japan) 
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and a laboratory-made amplifier, were coupled to measure the fluorescence signal. A 
 chromatographic data-processing system (LASS Soft, Chiba, Japan) was employed to collect 
the fluorescence signal. A fused silica capillary (i.d.: 0.10 mm, o.d.: 0.375 mm, length 50 cm, 
effective length 25 cm) (GL Science, Tokyo, Japan) with a UV-transparent coating was used 
in the CE separation. Before running CE, the capillary was rinsed with 1 M NaOH solution 
for 10 min, pure water for 10 min, 1 M of HC1 solution for 10 min, pure water for 10 min, and 
finally with the buffer solution for 5 min. A HM-25G pH meter (TOADKK, Tokyo, Japan) 
was adopted to measure the pH values of the solutions, including the buffers and sample 
solutions.
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4-2-3Drop-by-drop introduction 
    Glycine solution and NBD-F ethanol solution were loaded in separated two channels 
 (channel 2 and channel 3) of the inkjet microchip, with the glycine. solution in channel 2, and 
the NBD-F ethanol solution in channel 3. The injection parameters, such as driving pulse 
voltage and dwelling time, were set up independently for channel 2 and channel 3. Each 
position of inkjet nozzle was adjusted by XY stage to place the nozzle very upper end of the 
capillary tip. The glycine solution was introduced first, then the microchip was moved to 
another spot for NBD-F introduction. This drop-by-drop introduction process was controlled 
automatically by home-made software. The introduction process is shown in Figure 4-2.
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 4-2-4 Traditional EMMA. 
EMMA was performed by the sequential injections of 0.1 mM Gly and 0.1 mM NBD-F 
followed by an application of a mixing voltage lasting long enough such that the zones 
containing lycine and NBD-F overlapped completely. The reaction proceeded with no 
applied electric field for 5 min, allowing for glycine and NBD-F to react and form the 
derivative product. Following the incubation period, a CZE separation ofthe reaction product 
from any unreacted glycine and NBD-F was performed. The running buffer for all analysis 
was 100 mM borate buffer, pH 8.5, and the capillary was maintained ata temperature of 25°C . 
Detection was accomplished using laser-induced fluorescence d tector. 
4-2-5 Off-line derivatization 
100 p.L of 0.1 mM glycine in 10 mM boric acid buffer, pH 8.5, and 100 pL of 0.1 mM 
NBD-F in ethanol were mixed in a black vial and heated to 60°C in a water bath for 5 min. 
After cooling the reaction mixture in ice water, 100 µL of 10 mM HC1 solution was added to 
the reaction mixture to stop the reaction. 100 drops of the resultant solution was injected into 
the CE system with the driving voltage of 40 V and the pulse duration of 25 µs. The same 
off-line derivatization was performed at 25°C . 
4-2-6 Urine sample preparation 
    A 15 mL freshhealthy human urine sample was collected in a vial and stored at 4 °C. 
Then the urine sample was centrifuged for 20 min at 3200 rpm. The supernatant was 
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transferred to a 50 mL flask, diluted to 30 mL with 10 mM borate buffer solution (pH 8.5). 
 The solution was mixed and filtered through a0.45 Jim syringe filter and then introduced the 
separation capillary. 
4-2-7 The preparation of inkjet microchip. 
A four-channel inkjet microchip was purchased from Fuji Electronics Co., (Tokyo, 
Japan). The chip was originally used for a printing head of an industrial recorder (Fuji 
Electronics Co., Type CNO-1010, Tokyo, Japan). The inkjet microchip was first filled with 
20% (w/w) Extran MA 01 solution for 30 min to eliminate bubbles during the introduction 
process. The channels were then washed by Milli-Q waster, and filled with sample solutions 
for use; after that, sample solutions were introduced into the channels with capillary tubes 
(1-040-7500-C, 75mm hematocrit tubes, Drummond scientific ompany, PA, USA).
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4-3 Results and discussion 
4-3-1 Plug length calculation. 
    Using the gravimetric method [37], the volume of an individual droplet were measured. 
As shown in Table 4-1, glycine was dissolved in 10 mM boric acid buffer (pH 8.5), and 
NBD-F was dissolved in super-dehydrated ethanol. The characteristics of different solvents 
led to variance in single-droplet volume, which was greater in ethanol than in aqueous 
solution. The single droplet volumes in these two solvents were made almost equal by 
 adjusting the driving pulse duration time. When the duration time was 30 ps for glycine 
solution, the single-droplet volume was 200 pL. When the time was 25 gs for NBD-F ethanol 
solution, the single-droplet volume was 204 pL. The plug lengths were calculated using the 
following equation: 
v 
           Lplug=2..............................(1) 
where V is the introduced sample volume, and r is the capillary radius. In this experiment, 
capillaries of two different diameters of 0.050 mm and 0.100 mm were used. When the 
ejected drop number was one, the plug lengths for the NBD-F solution and the glycine 
solution were 104 pm and 102 pm in the 50 pm capillary, 26 µm and 25 pm in the 100 pm 
capillary. 
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Table 4-1 The volumes of each droplet in different dwelling time
 24µs 25µs 26 µs 27µs 30 µs
 Gly 
NBD-F 
Urine 192 pL
170 pL 
204 pL 
201 pL 212 pL
184 pL 
224 pL
200 pL 
248 pL
The pulse drive voltage was 20 volts. 
Gly was glycine resolved in 10 mM boric buffer, pH 8.5. 
NBD-F was NBD-F resolved in absolute thanol. 
Urine was the human urine sample resolved in 10 mM boric buffer (doubling dilution), pH 
8.5. 
4-3-2 Optimize zone passing time. 
    The exact plug-to-plug overlap was still a critical factor for on-line reaction. When 
using the traditional injection method for CE, it is extremely difficult to calculate the 
introduced sample plug length; which is involved in the injection pressure, time, capillary 
length, diameter and the viscosity of the buffer. However, the sample volume was obtained 
and easily controllable by inkjet injection. When using the plug-to-plug EMMA technique, it 
is important to ensure accurate reactant plug overlap. The 3 different voltages 6kV, 8 kV and 
10 kV were investigated to obtain the appropriate plug overlap time. The results are shown in 
Figure 4-3; the maximal amount of product was obtained only when the mixing voltage was 
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 applied for 20 s at 6 kV, 15 s at 8 kV, and 12 s at 10 kV. The injection  conditions for inkjet  in 
these experiments were: a drive pulse of 20 V; a pulse width of 30 µs for glycine solution, and 
25 µs for NBD-F ethanol solution; the sample introduction drop number of 100 drops for both 
plugs. Therefore, the lengths of the two plugs were around 2.5 mm. It was deduced that the 
velocity difference is inversely proportional to the mixing voltage.
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Figure 4-3 The relationship between the product amount and the time duration of mixing 
voltage was applied. The incubation time was fixed in 5 min after plug overlap. The injection 
conditions in these experiments were drive pulse 20 V, pulse width 30 [Ls for 0.1 mM glycine 
solution, 25 µs for 0.1 mM NBD-F ethanol solution, and sample introduction drop numbers 
both 100 drops for two plugs. The I.D. of capillary used is 0.100 mm, O.D. 0.375 mm.
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 4-3-3 Diffusion theory 
    When two miscible liquids are brought into contact, and diffusion takes place, the 
macroscopic convection evolves according to Fick's law, which is the basis of all chemical 
reactions: 
            j=—Daq)........................(2) 
where J is the diffusion flux per unit area per unit time, D is the diffusion coefficient 
("diffusivity") in dimensions ofunit area per unit time, cp is the concentration i  dimensions 
of amount of substance per unit volume, and x is the position [38]. According to Fick's law, 
provided that he length is shorter, the diffusion amount is larger in unit area per unit time. 
4-3-4 Injection pattern 
   The sample plug length (volume) introduced can be adjusted by modifying the injected 
sample drop number. Sample solution and reagent solution were ejected alternately into the 
capillary and the plug-length was varied while total injection amount was 30 drops for both 
glycine solution and NBD-F ethanol solution. The different injection modes brought in the 
significant difference of the product Gly-NBD amounts. For one 30-drop introductions, there 
is only one diffusion surface between the two plugs mixing. However, for 30 introductions of
single-droplets, 59 diffusion surfaces exist among the 60 short plugs. Thus, the drop-by-drop 
injection pattern ot only decreases the distance of diffusion, but also increases the number of 
possible diffusion surface and enhances the diffusion efficiency. 
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Figure 4-4 The relationship between fluorescence intensity and time amount of voltage 
applied 30 1-drop injections, the applied voltage was 1 kV. The insert part: the applied mixing 
voltage was 3 kV for the three injection modes. Black: 30 drops for once, the plug length was 
750 pm. Red: two 15-drop injections, single plug length was 375 pm. Blue: three 10-drop 
injections, single plug length was 250 µm. represents the NBD-F solution, and El 
represents the glycine solution.
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    In Figure 4-5, by decreasing the injected drop number from 30 drops to 1 drop each 
time, the product yield appeared to increase. The total injected sample drop numbers were 30, 
consisting of thirty 1-drop injections, fifteen 2-drop injections, six 5-drop injections, three 
10-drop injections, two 15-drop injections and one 30-drop injection. When the drop numbers 
were 30, 15, 10, 5, 2 and 1, the sample plug lengths were 0.75 mm, 0.375 mm, 0.15 mm, 
0.075 mm, 0.050 mm and 0.025 mm, respectively. The increasing amount of product yield 
appeared to grow exponentially. A marked difference was found in increasing of product 
amount between 2 drops by 2 drops and 1 drop by 1 drop. It was deduced that higher product 
yield would be obtained using single drops with smaller volume. 
    Together, the results from Figure 4-4 and Figure 4-5, with decreasing ofplug length and 
 increasing of diffusion surface, the reaction efficiency would be strengthened. In the 100 gm 
capillary, the reinforcement was more intense than in the 50 pm capillary for two reasons: if
the same volume is introduced in two capillaries of different diameter size, then the plug 
length will vary; and the cross-sectional area of the 100 gm capillary is larger than the 50 µm 
capillary, which means that there are more molecules diffusing on a single diffusion surface 
per the unit time in 100 gm capillary, than in the 50 gm one. If the plug length is certificate, 
the product of voltage applied (V) and time amount of voltage applied for the fluorescence 
intensity maximum is also constant. 
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Figure 4-5 The relationship between the introduction style and the product amount. The 
introduction droplet numbers were 1 drop, 2 drops, 5 drops, 10 drops, 15 drops and 30 drops 
for each time. On condition that the injection droplet numbers were 1, 2 drops, 5 drops, 10 
drops, 15 drops, and 30 drops, the total introduction droplet number was 30 for both 0.1 mM 
glycine solution and 0.1 mM NBD-F ethanol solution. The injection conditions were drive 
pulse 20 V, dwelling time 30 pis for 0.1 mM glycine solution, 25 µs for 0.1 mM NBD-F 
ethanol solution. The total amount of time was 5 min, including introduction time, mixing 
time and incubation time.
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4-3-5 Concentration ratio 
    Different concentrations of NBD-F ethanol solution were prepared, from 1 mM to 5 
mM. The glycine solution concentration was 1 mM. The drop-by-drop introduction means 
was carried out. With increasing concentration of NBD-F solution, the Gly-NBD product 
increased slightly. This result is consistent with the predicted value, as shown in Figure 4-6. 
The ratio from 1 to 4, the amount of product formation was increasing gradually. On 
condition that the ratio was 5, the product yield did not increase dramatically.
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Figure 4-6 Effect of different concentration ratios between glycine and NBD-F. Glycine 
solution concentration was 1 mM, NBD-F ethanol solution concentrations were 1mM, 2 mM, 
3 mM, 4 mM, and 5 mM resoectively. Drop-by-drop introduction was performed in capillary 
(I.D.: 0.100 mm, O.D.: 0.375 mm). The introduction amount were 30 drops for both glycine 
solution and NBD-F ethanol solution. Injection conditions: drive pulse 20 V, dwelling time 30 
ps for 1 mM glycine solution, 25 µs for 1 mM, 2 mM, 3 mM, 4 mM and 5 mM NBD-F 
ethanol solutions. Mixing condition: 1 kV, 2s. The total amount of time was 5 min, including 
introduction time, mixing time and incubation time.
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4-3-6 Temperature. 
    To further investigate the factors giving rise to increased product formation, the 
 standard erivative procedure for amino acids and NBD-F was performed at 60°C  and 25°C  . 
The results in Figure 4-7 are for electropherogram blue performed at 25 °C and for 
electropherogram purple at under 60°C . The peak area of Gly-NBD (product amount) did not 
show any obvious difference. The effects of temperature for product amount could be 
neglected for the glycine and NBD-F reaction. The peak areas of off-line derivative reaction 
were 880126 ± 3499 µVs at 25°C and 88407 ± 3391 µVs at under 60°C . Comparing the 
product amount from the off-line derivative method and from the drop-by-drop coupling 
EMMA method (183360 ± 2479 [Ws), the latter method was seen to enhance the product 
yield 4.8 times.
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Figure 4-7 Typical eletropherogram for off-line derivative reaction of glycine and NBD-F. 
Blue: 0.1 mM glycine solution and 0.1 mM NBD-F ethanol solution were mixed in 5 min at 
25 °C . 10 mM HC1 solution was added to end off reaction. 100 drops resultant solution was 
injected to CE system. Purple: 0.1 mM glycine solution and 0.1 mM NBD-F ethanol solution 
were mixed in 5 min at 60 °C. 10 mM HC1 solution was added to end off reaction. 100 drops 
resultant solution was injected to CE system. The injection conditions were drive pulse 20 V, 
dwelling time 30 gs.
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4-3-7 Calibration curve and practical application. 
    A plot of the fluorescence intensity as a function of the concentration ofglycine from 
 0.5 µM to 500 µM was obtained as the Figure 4-8 (A) shown. The injection condition was 
same as mentioned before: drive pulse 20 V, dwelling time 30 µs for 0.1 mM glycine solution, 
25 µs for 0.1 mM NBD-F ethanol solution. Mixing condition was 1kV in 2 seconds. The total 
amount of time was 5 min, including introduction time, mixing time and incubation time. The 
fluorescence intensity was increasing with the glycine concentration i creasing. However, 
when the concentration was over 250 µM, the rate of increase was decreased, which is 
common phenomenon i fluorescence metrology. The regression equator was got as y = a + 
bx (a= -0.00648, b = 0.193, the error of a = 0.00775, and the error of b = 0.00139, R = 0.994, 
N=10). 
    Afterward, this method was applied in testing the human urine sample. The different 
injection conditions were investigated on urine sample to get the optimum introduction 
volume (about 200 pL for each single droplet). The results howed in the Table 4-1, when the 
driving pulse voltage was 20 V, the pulse widths were 24 µs, 25 µs and 26 µs, the single 
droplet volume of urine sample were 192 pL, 201 pL and 212 pL respectively. Thus, 25 las 
was selected as the appropriate injection condition. The urine analysis results showed in 
Figure 4-9. As the reference reports, in the healthy human urine, glycine would not be 
detected because of the biological metabolism. Figure 4-9 (A) was the result of urine analysis, 
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 (B) was the analysis results of spiked 10 1AM glycine in urine sample. 9.03 ± 0.484 µM 
glycine was detected inurine sample. The RSD was 5.36 %. 
4-3-8 Discussion. 
This novel introduction method has realized the enhancement of reaction efficiency of . 
on-line derivative reaciotn. Actually, the great improvement in sensitivity of EMMA could be 
expected. In this research, the droplet number is 30 drops in total, which is about 6 nL. The 
introduction times can be increased to 100 or 200, and then the sensitivity will be enhanced 
greatly. All the introduction procedures have been controlled by automatically which 
promises the position accuracy
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Figure 4-8 The linear elationship between glycerin concentration a d peak area (fluorescent 
intensity). (A) A plot of the fluorescence intensity as a function of the concentration of
glycine concentration from 0.5 µM to 500 jM. (B) It shows good linear relationship 
fluorescence intensity and glycine concentrations from 0.5 jM to 250 µM, regression 
constant (R) was 0.994. The injection droplet number was 1 drop each time, introduced 30 
times. The total amount of time was 5min, including introduction time, mixing time and 
incubation time.
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Figure 4-9 The urine analysis. (A) The electrophoretogram of the urine sample. The 
introduced sample amounts were 30 drops for both urine sample and NBD-F ethanol solution. 
Injection conditions: drive pulse 20 V, dwelling time 25 µs for urine sample, 25 µs for 1 mM, 
NBD-F ethanol solution. Mixing voltage was 1 kV sustaining 2s. The total amount of time 
was 5 min, including introduction time, mixing time and incubation time. (B) The 
electrophoretogram of the spiked urine sample. The injection conditions were same as A.
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4-4 Conclusions 
    The drop-by-drop injection mode investigated in this study was found to be an effective 
way to improve reaction yield for on-line derivatizaiton between glycine and NBD-F. 
 Moreover, the inkjet  injection  system made the calculation and arrangement of plug length 
simple and convenient. When the plug length was decreased to a few micrometers, the 
diffusion efficiency was markedly enhanced, which led to increased product yield. Decreasing 
the drop-introduced volume was found to increase the amount of product formation, thus 
increasing the sensitivity of the technique. It appears possible that the advantages of 
drop-by-drop injection will apply to other chemistry reaction as well, extending the 
applicability of the EMMA methodology to on-line reactions not only limited in enzyme 
reaction, without increasing the amount of analytes.
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Chapter 5 Conclusions 
    Many ingenious approaches have been developed for sample introduction in CE. 
Currently, the most commonly used methods are on-column hydrodynamic and electrokinetic 
injection techniques. With automated systems based on these methods, reproducibility ofpeak 
area within 5-10% has already been achieved. However, a main drawback of the 
hydrodynamic methods, including pressure, vacuum and gravity injections, isthat hey are not 
suitable for the injection of highly viscous amples or for capillary gel electrophoresis, where 
hydrodynamic flow is repressed. 
    However, the inkjet introduction can overcome the drawback as driving force is not the 
 hydrodynamic flow. The inkjet  introduction also solves ubiquitous sample bias in 
electrokinetic injection technique, which is a major problem resulting in the difference both 
the electrophoretic mobilities and electroosmotic flow rate in different solutions. Furthermore, 
the inkjet injection system can decrease the RSD of peak area for CE due to the high accuracy 
of droplet volume in the inkjet echnique. 
This thesis has demonstrated the feasibility, accuracy and high reproducibility of inkj et 
technique as an introduction method of CE. In this method, the exact injection volume of 
samples can be readily calculated, and it is superior over other introduction methods. 
    The summary of this thesis is as follows:
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    Chapter 1 is the introduction. CE is believed as one of the most powerful separation 
techniques since it was invented. However, comparing to its excellent separation capacity, the 
quantitative analysis ability is still not satisfactory due to the lack of the suitable introduction 
systems. The traditional injection methods for CE, hydrodynamic and electrokinetic injections, 
 were compared with inkjet sample introduction technique. 
    Chapter 2 describes the development ofanaccurate injection system for CE utilizing a 
inkjet microchip. Such introduction system based on inkjet injection technique has been 
developed for the first time. The repeatability of introduced volume of liquid sample was also 
greatly improved. Furthermore, the unavoidable analyte discrimination, which is a serious 
problem in electrokinetic njection, was fully suppressed. To evaluate the precision and 
repeatability of the system, the NBD labeled Gly, L-Phe, L-Asp and L-Ser were selected as 
test analytes, and the performance was compared with traditional hydrodynamic and 
electrokinetic injection methods. The results demonstrated that the introduced amount in the 
inkjet injection method epends precisely on the number of droplets with lowest RSD and 
best linear correction coefficient among the injection methods tested in this study. Finally, the 
urine sample was directly introduced by the accurate injection system to detect aurine. The 
content of urinary taurine was determined as 2.42 ± 0.08 µM (confidence l vel, 95%; RSD, 
1.05%, n = 4), while the recovery was determined as 98.92% to 109.54% (n = 3). The
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accurate injection system would revolutionary impel CE separation in the practical 
application. 
    Chapter 3 describes the application of inkjet sample introduction method to CE for the 
analysis of dopamine (DA) and epinephrine (EP) in human serum. The volume of a single 
droplet is as small as 240 pL. Using this method, DA and EP have been separated and the 
concentration f EP in serum was determined tobe 5.88 x 10-7 M. DA was not detected. The 
recovery (n = 3) of EP and DA added to serum were in the range of 95.8-98.7 %, and 
 97.5-103.4 %respectively, showing ood accuracy and reproducibility. 
    Chapter 4 describes a novel in-line reaction method to enhance the sensitivity. The 
in-line mixing in the inkjet introduction system was realized by alternatively introducing 
plugs of two reactant solutions. By applying the drop-by-drop introduction technique to a 
model chemical reaction between NBD-F and Gly, a significant enhancement i  sensitivity 
has been realized. Comparing to the traditional methods, the drop-by-drop introduction 
mixing method increased the product formation by 26 times larger than electrophoretically 
mediated microanalysis (EMMA). Moreover, the method showed 4 times higher product yield 
than that recorded by traditional off-line mixing method. The new approach also made it 
possible to save the amounts of analytes and reagents as well as analysis time. 
    In the whole research, it has been confirmed that he inkjet sampleinjection system for 
CE shows high accuracy and reproducibility, greatly improved quantitation ability. This 
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injection system can exactly control the volume of sample introduced. In addition, by 
changing the injection condition (driving voltage and duration time), the volume of sample 
introduced could be adjusted uniformly in different solutions. This introduction mode has 
been successfully applied in practical analysis of biological fluid, such as urine and serum. In 
another aspect, the ability of accurate delivery of the micro droplets in the inkjet sample 
injection system is useful in improving the on-line reaction efficiency by increasing the 
diffusion area in the drop-by-drop introduction process. 
Future outlook 
    One of the most likely questions to be raised by researchers of CE at this moment may 
be "what is the future potential of CE?" Although it is impossible to predict with certainty 
 possible future developments, he capabilities of CE have been proven, the potential'  of  the 
technique is huge and the prospect for growth of this relatively new separation technique 
appears to be excellent. 
    For a separation technique to gain popularity, the understanding of the principles of 
separation, efficiency, reproducibility, sensitivity, affordability and automation must reach an 
acceptable l vel. In these respects, CE compares favorably with existing techniques. There are 
clear advantages in using CE when environmental friendliness, consumables, costs and 
equipment maintenance are considered. As for sample capacity or requirement, CE has the 
advantage that only minute amounts of sample are required. 
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6
    A revolutionary, highly repeatable, and accurate injection method has been proposed to 
improve quantitative analysis for CE through accurate control of the injection volume at the 
picoliter level. We believe that his advance will greatly improve the attractiveness of CE for 
practical applications. 
    There is significant scope for wider industrial application of inkjet printing technologies. 
 Current work in applying the inkjet  printing technique yields perfect combination to CE. 
Moreover, this technique is expert in dispersion of droplets on demand at picoliter accuracy 
and reproducibility. Because of the use of new introduction system, the quantification 
capacity of CE has been revolutionary improved. 
    For better operation and utilization of inkjet technique as CE introduction system in 
future, construction of the automated introduction system is needed. At present, we have 
started preliminary work of injection automation, which shows great potential in practical 
appliance and commercial pplication.
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